Abstract: The effects causing differential modifications of the refractive index n(X) are discussed. Isotropic changes are induced by the variation of the temperature and of the annealing schedule. Anisotropic changes can be caused by mechanical stresses and electric or magnetic fields. Simple dispersion formulae have been derived successfully on the basis of a one-term Sellmeier equation. It is shown that the experimental data can be fitted by these formulae. Further possibilities to vary n(X) are mentioned.
Introduction
Optical glasses used for transmissive optical elements are characterized by their refractive index n as a function of the wavelength A. Several dispersion formulae are known to decribe n(X).
In the following, however, special reference is made to the Sellmeier equation wherein the optical polarizability n2(X) -1 is given by a superposition of a series of oscillator terms without damping. (Therefore it applies only in the case when absorption can be neglected.)
Each term (index i) on the right-hand side of (1) is characterized by the number of oscillators Ni per volume V, the oscillator strength fi, and the resonance wavelength Xoi. In many cases, three terms in (1) are sufficient to describe n(X) to 6 decimal places in the spectral range from the near ultraviolet to the near infrared.
Generally, n(X) is a function of the chemical composition of the glasses. In the present article, however, we do not focus on the chemical trends of the refractive index and its dispersion and the corresponding modifications.
In optical applications, the effective refractive index refers to the ambient medium, which is very often air. This relative index is given by
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1992203 wherein nabs and n, , d are the refractive indices of the glass and the ambient medium with respect to vacuum. In the following we will use n instead of nabs for short and we will consider how nabs is modified by variables which are accessible externally.
2. Temperature coefficient of the refractive index (thermo-optic coefficient)
The data of n(X) in the catalogues of optical glasses refer to 200C 11. Since n(X) varies with the temperature T, one is interested to characterize the stability of n(X \ with respect to variations of T. Until recently, this has been done by the average temperature coefficients of the refractive index (thermo-ptic coefficient) for a set of discrete wavelengths Xk and temperature intervals (Tj tl,Tj). These average temperature coefficients are defined by An(X ,~~+ t , j ) n(Xk,T j *I) -n(Xk,Tj) --
On the other hand, a dispersion formula for the temperature coefficient d w l is very useful for calculations. In principle, it is possible to consider the fitting parameters Xoi and as a function of the temperature. Using three oscillator terms and expanding the fitting parameters X o i and A i (i = 1,2,3) to a polynomial of second order, however, requires too man fitting parameters. Since one considers small variations An with respect to the dispersion AT at the reference temperature T=20oC, one can use a simplified dispersion formula, namely a one-term Sellmeier equation with suitable average values of concentration, strength, and resonance wavelength of the oscillators. It has to be taken into account that all of these quantities can change with the temperature. Consequently, one obtains for the temperature coefficient [2] with and d
Since the functions D(T) and E(T) are not known, we use the expansions and with T o being a reference temperature (e.g. 20oC). Furthermore, the temperature dependence of the prefactor n2 X T in (6) can be neglected. Therefore equation (6) can be simplified further 2n(X ,TI thermo-opt i c c o e f f i c i e n t LaSF N9 t e m p e r a t u r e ('c) b~g . 1: 'l'hermo-optic coefficient of optical glass type LaSF N9 with respect to vacuum as a function of temperature with the wavelength as a parameter. The full curves represent the r e s~~l t s of calculations using equation (9 
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The parameters Do, Dl, Dz, Eo, El, and Xo have to be determined by a fitting routine applied to data determined experimentally according to equation (3). On the other hand, equation (9) can be integrated to yield the increments or decrements An(X,T) as a function of the wavelength and temperature. In this case, the coefficients can be determined directly by a fit of the experimental increments and decrements An Xk,Tj).
I Fig. 1 shows as an examp e experimental data points together with the fit (full curves) by equation (9) for the optical glass LaSF N9. In fact, the fit is rather convincing. Data of the thermo-optic coefficient are available for many optical glasses in ref [3] .
3.
Variations of the refractive index due to thermal treatment of glasses.
Optical glasses have to be annealed very carefully in order to avoid thermal stresses and inhomogeneities [4-8]. Among a large variety of possible annealing schedules one prefers the annealing with a constant cooling rate for technical and economical reasons. One starts to anneal the glass at a constant rate from temperatures above the tranformation temperature Tg to temperatures sufficiently below Tg where relaxation of the structure and of the properties can be neglected. Very critical is the temperature range near Tg, since some properties depend on the annealing rate in that range. This effect can be used in order to adjust the refractive index by adjusting the annealing rate if necessary. The change of the refractive index nd at wavelength d = 587.56 nm as a function of the annealing rate v is represented by the empirical relation [6] [7] [8] with the reference annealing rate vo and the parameter md which depends on the type of glass. In general, nd decreases with increasing annealing rate.
Relation (10) diverges in the limits v + 0 and v + m. Therefore it cannot be applied in these cases. In practice, however, these limits are not relevant, because for v + 0 the annealing rates are impractically slow and for v + m the temperature gradients in the samples become too large.
The changes of n are related to a different degree of relaxation and change of the nearestneighbor-order, which depend on the annealing rate. In addition to the density of oscillators (which relates to the mass density), their oscillator strengths and resonance wavelengths depend on the nearest-neighbor-order as well. Consequently, besides the refractive index nd one can also modify to a small extent the Abbe numbers of the optical glasses by a change of the annealing rate starting at temperatures above Tg. For a given type of glass, however, nd and vd cannot be modified independently.
An important question for practical applications is whether changes of the refractive index can be induced by annealing below Tg due to thermal treatment during the production of optical elements. Since lenses may be subjected to temperatures well above 200 or even 300oC during coating processes with subsequent annealing at a rate much faster than the rate during the production of the glass, such possible changes of n have been investigated. The experimental procedure and the results have been described in [9] . In all cases, nr, decreased due to the fast annealing rate. This corresponds to the expectation. Important for applications is the observation that glasses with large content of Ti02 show a rather large decrease of nd upon fast annealing. Even the dispersion can be changed by the fast annealing process below Tg as can be seen in Fig. 2 . 
The stress-optical coefficient
Annealed isotropic glasses become optically anisotropic for linearly polarized electromagnetic waves if mechanical stress is applied. Fig. 3 shows schematically a rectangular parallelepiped of glass with the uniaxial stress a applied uniformly to two opposite surfaces. In this case, the refractive index depends on the orientation of the electric field vector of the electromagnetic wave with respect to the direction of the stress a. If the electric field vector of the wave is parallel or antiparallel to a, the refractive index n changes into n+Anll. For an electromagnetic wave with the field vector perpendicular to a it changes into n+Anl. The changes Anll and Anl can be determined as a function of a by interferometric methods [lo, 111. Since Anll and Anl are proportional to a over a large range, one prefers to determine dn1,
Experimental data of these quantities are available for many optical glasses from refs.
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Fig. 3:
Orientation of the stress a and the limitingcases of the refractive index.
Mostly, K I I and K , are given for single wavelengths in the visible spectral region (e.g. XD=589.3 -nm). The largest values for optical oxide glasses determined recently are K I l = -9.10-hm2/N and K , = -7.6-10-6 mm2/N for glass type SF 59 [12] . Thus, stresses in the order of some N/mm2 I or MPa can cause absolute changes of the refractive index in the 5. decimal place.
In order to detect and evaluate stresses in glasses, it is more convenient to determine the anisotropy or birefringence n l l -nl directly instead of measuring the changes Anll and Anl separately [15, 161. In this case, one uses the stress-optical coefficient Recently, a dispersion formula has been developed for K. It has been derived along the same lines as for the temperature coefficient of the refractive index in section 2. Assuming that in the one-term Sellmeier equation (5) (14) . In many cases, the fitting parameter B can be assumed to be zero. In this case, the slight dispersion of K(X) is very well described by the prefactor [nz(X) -11 / [2 n(X)] in (14) . For high lead content glasses, however, the dispersion is reversed and more pronounced. Then, the dispersion term B/(X2 -Xo2) in (14) cannot be neglected any more as can be seen in Fig. 4 b for the glass types SF 1, SF 14, SF 18, SF 55, and SF 57.
In most cases K > 0, corresponding to K I I > KL. With increasing content of lead oxide, however, Kl becomes larger than K I I , which results in K(X) < 0 for the very high lead content glasses Fig. 4 a and b) . For a given concentration of lead oxide, which depends on the content of the other components, we have K : : 0 (see the data for SF 57 in Fig. 4 b) . Such a glass does not show appreciable stress-induced birefringence. To honour the scientist who first described the composition of such a glass [17] it is named "Pockels' glass".
The electro-optic effect in glasses (Kerr effect)
Electric fields can induce in homogeneous glasses anisotropies for linearly polarized electromagnetic waves, too. The configuration to induce uniaxial anisotropy is similar to that in Fig. 3 except that the uniaxial mechanical stress a is replaced by an electric field of strength fi. This anisotropy increases with the square of the absolute value of g. Since the changes An,, and Anl are small, one determines experimentally the difference rill -nL rather than Anll and Anl separately. One might prefer to express the birefringence by a relation rill -nl = K~ ~2 (15) For historical reasons, however, one uses the relation with the Kerr constant Bk For oxide glasses, the absolute value of Bk is in the order of 0.1 to 3-10-12 cm/V2, whereas for chalcogenide glasses it is much larger, e. . 8.7-10-12 cm/V2 for glassy As2S3 [18-211. Since Bk is in the order of 10-12 cm$V2 for oxide glasses, one estimates a field strength larger than 105 V/cm in order to induce a birefringence of about 10-Vn the visible spectral region. Because such a large field strength is necessary to change n of glasses appreciably, this effect has not found much interest for applications until now. The Kerr constant shows dispersion [19, 211 . Its value decreases with increasing wavelength in the visible spectral range. A detailed analysis of the dispersion is still to be done; one expects that for Kk = X -Bk an analysis similar to that of the stress-optical coefficient is valid and leads to a dispersion formula of the type (14) .
Magnetooptic effects in glasses
Besides electric fields, also magnetic fields interact with electromagnetic waves in matter. Two limiting configurations are obvious. By analogy with the Kerr effect the electromagnetic wave propagates perpendicular to the magnetic field. This is the configuration of the CottonMouton effect. In this case, the magnetic field induces a birefringence for linearly polarized electromagnetic waves with the absolute value B of the magnetic flux density vector and the Cotton-Mouton coefficient KKM. Data of KKM, however, are not available for glasses but for gases and liquids [22] .
Much more important for applications is the Faraday configuration (see Fig. 5 ). In this case, a linearly polarized electromagnetic wave propagates in the glass parallel (or antiparallel) to the being parallel or antiparallel to 8. Positive Verdet constants correspond to diamagnetic materials, whereas V is negative for paramagnetics.
In conjunction with linear polarizers the Faraday rotation can be exploited to modulate the intensity of linearly polarized light and to construct optical isolators, which transmit electromagnetic waves in one direction, only, whereas they are blocking in the reverse direction. This effect is useful to suppress the interaction of the reflected laser beam with the laser itself or with other components.
Linearly polarized waves can be represented as a superposition of left-and right-handed circularly polarized waves. If there is a phase-shift induced between the left-and right-handed polarized wave, the superposition yields a linearly polarized wave of which the plane of vibration, however, is rotated. Consequently, the Faraday rotation is the result of a birefringence for circularly polarized waves, which is induced by magnetic fields. Thus, the Verdet constant can be rewritten as wherein n+(B) and n-(B) are the refractive indices for right-and left-handed electromagnetic waves a a function of the magnetic flux density.
On the basis of the single oscillator model (5)) for n(X) the following dispersion formula for the Verdet constant has been derived with and
wherein f,, f , Xo, and Xo-are the mean oscillator strength and resonance wavelength for rightand left-handed circularly polarized waves. For a vanishing magnetic field, obviously f, = f-= f and Xo, = Xo-= Xo. Equation (20) can be simplified further to with the fitting parameters a, b, Xov. Experimental results of the Verdet constant as a function of wavelength are shown in Fig. 6 by the data points. The curves represent the results of a fitting procedure using equation (21) . The largest Verdet constants of Fig. 6 are observed for glasses with the largest content of PbO. On the other hand, glasses with V % 0 at room temperature have also been investigated (see e. g. type SFL 56 in Fig. 6 b) . These types of glass do not show appreciable Faraday rotation at that temperature. One can conclude that the diamagnetic behavior is compensated by the influence of small amounts of paramagnetic ions in these glasses.
Further possibilities
In the preceding sections, the most prominent differential modifications of the refractive index n(X) of glasses have been discussed. Because of lack of space, further possibilities shall be mentioned briefly at least.
UV-and ?irradiation as well as cr and / 3 particles or neutrons and implanted ions can change the structure of the glass and thus the refractive index [24-261. Any transfer of charge into different sites in the glassy matrix or even into excited states as well as charge injection can induce a change of n [27-291.
The non-linearities induced by high photon densities became very important in the recent decades. In this case, n can vary with the intensity I of an electromagnetic wave itself which is taken into account by the non-linear refractive index y according to Since I N E2 one can compare (22) with (16) . Thus, the intensity dependent part of the refractive index 7.1 is due to a degenerate electro-ptic or Kerr effect with the frequencies of the applied electric field and of the electromagnetic wave being the same.
